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Furin is a proprotein convertase which activates a variety of
regulatory proteins in the constitutive exocytic and endocytic
pathway. The effect of genetic ablation of fur was studied in the
endocrine pancreas to define its physiological function in the
regulated secretory pathway. Pdx1-Cre/loxP furin KO mice show
decreased secretion of insulin and impaired processing of known
PC2 substrates like proPC2 and proinsulin II. Both secretion and PC2
activity depend on granule acidification, which was demonstrated
to be significantly decreased in furin-deficient � cells by using the
acidotrophic agent 3-(2,4-dinitroanilino)-3�amino-N-methyldipro-
pylamine (DAMP). Ac45, an accessory subunit of the proton pump
V-ATPase, was investigated as a candidate substrate. Ac45 is highly
expressed in islets of Langerhans and furin was able to cleave Ac45
ex vivo. Furthermore, the exact cleavage site was determined. In
addition, reduced regulated secretion and proinsulin II processing
could be obtained in the insulinoma cell line �TC3 by downregu-
lation of either furin or Ac45. Together, these data establish an
important role for furin in regulated secretion, particularly in
intragranular acidification most likely due to impaired processing
of Ac45.

endoprotease � insulin � islets of Langerhans � proton pump �
proprotein convertase

Proprotein convertases (PCs) are a family of seven closely
related subtilisin-like serine endoproteases [furin, PC1/3,

PC2, PC4, PC5/6, paired basic amino acid converting enzyme 4
(PACE4), and PC7] (1) and two more distantly related members
subtilisin/kexin-like isozyme-1/site-1 protease (SKI-1/S1P) and
neural apoptosis regulated convertase-1/proprotein convertase
subtilisin/kexin type 9 (NARC-1/PCSK9) (2). Although many
potential in vivo substrates have been identified based on in vitro
and ex vivo analysis, data obtained from KO mice and human
patients have highlighted the limitations of the studies (1, 3, 4).

The KO mouse model of the ubiquitously expressed conver-
tase furin is early embryonically lethal, indicating vital, nonre-
dundant functions of this enzyme at early developmental stages
(5). However, this embryonic lethality precludes the analysis of
many substrates expressed only in adult stage or well differen-
tiated tissues. Therefore, a conditional KO mouse model has
been generated (6). Remarkably, an inducible furin KO mouse
model, in which near complete inactivation of the fur (Fes
Upstream Region; GenBank accession no. 18550) gene was
obtained in liver, showed no detectable histological defects.
Variable degrees of redundancy were observed for the process-
ing of candidate substrates. This redundancy is probably because
of the expression of PACE4, PC5/6, and PC7 in the constitutive
secretory pathway of the liver.

Contrary to the liver, the endocrine pancreas contains a
constitutive as well as a regulated secretory pathway. Because

furin has been shown to control proliferation as well as differ-
entiation of pancreatic � cell lines (7), we focused on the in vivo
role of furin in the endocrine pancreas to define its possible
physiological function in the regulated secretory pathway.

Intracellularly furin is known to be concentrated in the
trans-Golgi network (TGN), although ImmunoGold electron
microscopy also revealed the presence of small amounts of furin
on the periphery of immature secretory granules (ISG) (8).
Furin is excluded from the mature secretory granules through
phosphorylation of its cytoplasmic domain by casein kinase II
and subsequent interaction with adaptor protein (AP)-1, a
component of the TGN/ISG-localized clathrin sorting machin-
ery (9). However, a function of furin in ISG is not yet known.

In contrast, the role of PC1/3 and PC2 in the regulated
secretory pathway is well established (10). In pancreatic � cells,
processing of proinsulin into mature insulin requires cleavage by
PC1/3 and PC2, C-terminal of paired basic residues that are
subsequently removed by carboxypeptidase E (CPE) (11). Au-
tocatalytical cleavage of the propeptide of proPC1/3 occurs
rapidly after biosynthesis (12). After a slow folding process,
proPC2 is not converted in the endoplasmic reticulum (ER), but
is as such transported to TGN and ISG. Its chaperone pro7B2
increases proPC2 transport through stabilization (13). The low
pH and high calcium concentration of these late secretory
compartments trigger the conversion of proPC2 to mature PC2
(14). This mature PC2 is activated only when pro7B2 is cleaved
by a furin-like protease in the TGN (15).

Acidification of the secretory granules is not only necessary for
PC1/3 and PC2 activity and hence proprotein processing (16) but
also for priming of the granules at the plasma membrane, a
prerequisite for secretion (17). Various organelles are acidified
through a proton gradient, established and maintained by the
H�-pumping vacuolar-type ATPase (V-ATPase). This multi-
subunit enzyme can be differentially regulated in those intra-
cellular compartments (18). Of interest to this research, a
mutation in KEX2 (killer expression 2; encoding the yeast
ortholog of furin) in Saccharomyces cerevisiae, was found to exert
an inhibitory effect on V-ATPase activity (19).
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In this article, we describe a mouse model for pancreas-specific
genetic ablation of the fur gene. For this purpose, we crossed
Pdx1 (pancreatic and duodenal homeobox factor 1)-Cre transgenic
mice (20) with the previously described conditional furin KO
mice (6). The observed phenotype prompted us to investigate
Ac45 (encoded by Atp6ap1, H� transporting, lysosomal accessory
protein 1; GenBank accession no. 54411), an accessory subunit of
the V-ATPase, as candidate substrate.

Results
Inactivation of Furin in the Islets of Langerhans. Conditional inac-
tivation of furin was achieved by crossing the previously de-
scribed furflox/flox mice, in which exon 2 of fur is f lanked by loxP
sites on both alleles, with Pdx1-Cre transgenic mice (6, 20). By
using the promoter of Pdx1, the earliest marker of the developing
pancreas, Cre recombinase is expressed in all pancreatic epithe-
lial cell lineages. It has been established that subsequent deletion
of exon 2 sequences, encoding the translation initiation site, the
signal peptide, and part of the prodomain of furin, inactivates the
fur gene (6). Offspring heterozygous for the floxed fur allele and
the Pdx1-Cre transgene were intercrossed to obtain homozygous
furflox/flox mice carrying in addition one or two Pdx1-Cre alleles
(referred to as KO). Cre recombination of the floxed fur alleles
was confirmed on DNA of isolated islets of Langerhans (Fig.
1A). Deletion of the floxed exon 2 resulted in a PCR product, 1
kb smaller than without Cre recombinase activity. These pan-
creas-specific furin KO mice were born in Mendelian propor-

tions and equal male/female ratio, and they showed normal
growth and fertility.

Impaired Insulin Secretion by the Furin-Deficient Islets of Langerhans.
Although the mice appeared healthy, slight differences in glu-
cose tolerance were observed between KO ( furflox/flox, Pdx1-Cre)
and WT ( furflox/flox) littermates (Fig. 1B). After glucose injection,
the pancreas-specific KO mice tended to have higher blood
glucose levels than WT mice after 60 min. However, this
difference was not significant, because of large mouse-to-mouse
differences in the KO mice. After 120 min, blood glucose
concentrations were back to normal.

To investigate this mild glucose intolerance in more detail,
insulin-release kinetics of isolated islets was analyzed in a
dynamic perifusion system. A clearly reduced insulin release (in
the first and second phase) by the KO islets was shown in
response to glucose stimulation alone or together with glucagon-
like peptide 1 (GLP1), potassium, and arginine (Fig. 1D). Insulin
content was twice as high in furin-deficient islets, probably as a
consequence of impaired secretion (Fig. 1C).

No significant difference was observed between WT and KO
mice in the number of islets per pancreas [supporting informa-
tion (SI) Fig. S1 A] nor in the islet area compared with total
pancreas area (Fig. S1B). Morphologically, the islets appeared
normal, although an increased number of mislocalized � cells
and � cells within the � cell mass was observed (data not shown).
At the ultrastructural level, no obvious differences were seen
between WT and KO islets (Fig. S1 C and D).

Impaired Processing of Proproteins in the Furin-Deficient Islets of
Langerhans. To obtain insight into the differences at the bio-
chemical level, processing of neuroendocrine proproteins was
analyzed. First, the conversion of the main � cell secretory
product, proinsulin to insulin, was examined. Mouse proinsulin
II can be selectively labeled with [35S]methionine. Incubation
with [35S]methionine/cysteine labels both proinsulins. Immuno-
precipitation of the precursor and mature form showed a
decrease in maturation of proinsulin II in the KO islets (Fig. 2A),
as 29% of total protein was processed by KO islets compared
with 46% in the WT condition. This difference was leveled out
when both proinsulin I and II were labeled (data not shown).
Conversion of the � cell secretory product, proglucagon to
glucagon, seemed also to be disturbed in the furin-deficient islets
(Fig. S2 A), as 19% mature product was found compared with
28% mature glucagon in normal islets.

No difference in the processing of proPC1/3 to PC1/3 was
found (Fig. 2C), whereas maturation of PC2 appeared affected
in the furin-deficient islets (Fig. 2B). Under these conditions,
only 25% of total PC2 was processed by KO islets, compared with
43% by WT islets.

CPE was processed to 67% in furin-deficient islets, compared
with 77% in WT islets (Fig. S2B). A difference in the amount of
processed 7B2 was observed also between WT (92%) and KO
(79%) islets (Fig. S2C).

In conclusion, furin deficiency resulted in an indirect process-
ing problem of known PC2 substrates (proPC2, proinsulin II, and
proglucagon) (12, 21, 22). A direct effect of furin inactivation on
the processing of its candidate substrates 7B2 and CPE was also
noticed (15, 23).

Disturbed Intragranular Acidification in the Furin-Deficient � Cells. A
common denominator for impaired secretion and reduced PC2
activity could be disturbed acidification of the dense-core se-
cretory granules (DCSG) (17, 24). Therefore, acidification was
analyzed by incubating mechanically dispersed islets with the
acidotrophic agent DAMP. Insulin-positive cells were selected
by using indirect immunofluorescence. Light intensity of the
whole cell (with the exception of the nucleus), indirectly caused

Fig. 1. Inactivation of furin in islets of Langerhans: reduced insulin release
and increased insulin content. (A) PCR analysis of deletion of fur exon 2 in islets
of Langerhans of furflox/flox mice (WT) and furflox/flox, Pdx1-Cre mice (KO).
Primers were designed to correspond to intronic sequences outside fur exon
2 and loxP sequences. DNA fragment sizes (bp) are indicated. (B) Glucose
tolerance test on 2-month-old male mice. Mice were fasted overnight and i.p.
injected with 1 mg/g of glucose at time point 0. Data represent mean values �
SEM, n � 10 mice per genotype. (C) Islet insulin content was extracted after the
perifusion experiment (see D) and measured by using RIA. Data represent
means � SEM (n � 4 experiments). *, P � 0.05. (D) Islets of 2-month-old male
mice were perifused 16 h after isolation. A 15-min preperifusion with basal
medium containing 1.4 mM glucose was followed with a sequence of 15-min
exposures to medium containing either 10 mM glucose alone or supple-
mented with 10 mM GLP1, 20 mM Arg, or 30 mM K�. Data represent means �
SEM (n � 4 experiments).
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by DAMP accumulation, was measured. The number of lyso-
somes in � cells is negligible compared with insulin granules
(estimated as 48 and 11,000 per � cell, respectively; ref. 17) and,
therefore, will not significantly contribute to the fluorescent
signal. Furin KO � cells were significantly (P � 3.5E-05) reduced
in light intensity to an average of 61% of the average light
intensity of WT � cells (Fig. 2D). WT � cells incubated with the
V-ATPase inhibitor bafilomycin A1 (baf) showed an even larger
reduction in intensity (45%), as expected.

To demonstrate that the reduced intracellular accumulation of
DAMP was the result of reduced acidification of DCSG, Im-
munoGold electron microscopy was performed on DAMP-
incubated islets (25) (Fig. 2 E and F). In WT islets an average
of 6.7 Au particles per granule was found, compared with 3.9 Au
particles per KO granule, which corresponds to a 42% reduction,
similar to the results obtained with light microscopy. Only few
gold particles were found in the cytosol, nuclei, and mitochon-
dria (Fig. S3).

V-ATPase Accessory Subunit Ac45 Is Processed by Furin ex Vivo. Ac45,
encoded by Atp6ap1, is a V-ATPase accessory subunit particu-
larly abundant in neuroendocrine tissues (26, 27). Quantitative
RT-PCR revealed highest expression of Ac45 in isolated islets of
Langerhans as compared with nine other tissues (Fig. 3A, bar 1).
Ac45 has been reported to be synthesized as a larger precursor
(27). The bovine mature protein of 222 amino acids was found

to start at Val-247, equivalent in mouse to a 219-aa mature
protein starting at Ala-244. However, at 18 aa N-terminal of
Val-247 (or Ala-244), there is a conserved PC consensus cleav-
age motif (RPSRVAR) (28, 29).

To study potential cleavage at this motif, recombinant mouse
Ac45 was C-terminally labeled with a FLAG epitope tag. The
furin-deficient CHO cell line, RPE.40 (30), was used to study the
effect of proAc45f processing after reintroducing recombinant
furin (Fig. 3B). Transfected cells were metabolically labeled and
the FLAG-tagged proteins were immunoprecipitated. As de-
scribed previously, mature Ac45 was observed as a broad smear
at �45 kDa because of heterogeneity of glycosylation (26).
Deglycosylation with N-glycosidase F converted the 62-kDa
precursor into a 46-kDa band and mature Ac45 into a doublet of
�24 kDa. Two faint protein bands were observed in the absence
of furin. Cotransfection with furin led to an increase in the lower
band of the doublet.

Because RXXR is known to be a furin consensus cleavage site
and proAc45 contains RPSRVAR as a sequence, the exact
cleavage site was further examined by inserting a FLAG tag at
different positions (Fig. 4). Insertion of a FLAG tag C-terminally
of a PC cleavage sequence is known not to interrupt existing
furin cleavage (31), as the resulting P1� Asp and P2� Tyr are both
favorable for furin. Immunoprecipitation with M1 antibody was
performed as M1 only recognizes a FLAG epitope with a free
N terminus. Only when the FLAG tag was positioned after
Arg-225 (RRRf) was mature Ac45 visualized. Furthermore,
substitution of the arginines by alanines resulted in blocked
processing. Replacement of only Arg-219 by alanine did not
affect processing (data not shown). The FLAG tag was also
inserted at the previously described cleavage site (VfA), but no
band was detected. In all experiments, expression was confirmed
by immunoprecipitation with M2 antibody, which recognizes the
FLAG tag independently of its position (Fig. 4B Upper).

Ex Vivo Knockdown of Furin and Ac45 Mimics the in Vivo Phenotype.
To investigate whether the phenotype of the furin-deficient islets
could be mimicked in the mouse insulinoma �TC3 cell line, gene

Fig. 2. Impaired processing of proproteins and disturbed intragranular
acidification in the furin KO islets. (A–C) Isolated islets of both genotypes were
radiolabeled (pulse, 0.5 h; chase, 1 h), and the lysates were immunoprecipi-
tated with the appropriate antiserum. Insulin II (A), PC2 (B), and PC1/3 (C) are
shown, and molecular masses are indicated (kDa). (D) Indirect immunofluo-
rescence was performed on � cells, after 1 h of incubation with 30 �M DAMP
(where appropriate cells were incubated with 100 nM baf). Mean light inten-
sity per � cell was quantified. Average light intensity of WT � cells was set at
100%. Data represent means � SEM. Two independent experiments were
performed on a total of n � 71 WT � cells, n � 103 KO � cells, n � 49 WT � cells
plus baf, isolated from six WT and four furin KO mice. *, P � 0.05. (E and F)
Immunoelectron microscopy by using protein A conjugated to 15 nm of
colloidal gold on cryosections of DAMP incubated islets. Scale bar, 200 nm. (E)
� cell DCSG of a WT mouse containing an average of 6.7 particles per granule
with n � 685 granules. (F) � cell DCSG of a KO mouse containing an average
of 3.9 particles per granule with n � 532 granules.

Fig. 3. V-ATPase accessory subunit Ac45 is abundant in islets of Langerhans
and is ex vivo processed by furin. (A) Relative Ac45 mRNA expression in
different tissues determined by quantitative reverse transcription PCR: 1, islets
of Langerhans; 2, pancreatic acini; 3, pituitary gland; 4, adrenal gland; 5, lung;
6, brain; 7, bone marrow; 8, small intestine; 9, liver; 10, heart. The Ac45
expression of every sample was normalized to GAPDH and relative to the Ac45
expression in �TC3 cells, which was arbitrarily set at 1. Data represent mean �
SEM, n � 3. *, P � 0.05. (B) RPE.40 cells were transfected as indicated.
(Co)transfection with empty pcDNA3 vector (�) was used as a negative
control. Transfected RPE.40 cells were radiolabeled, and FLAG-tagged pro-
teins were immunoprecipitated with M2 anti-FLAG antibody. Because of
heterogeneity of glycosylation, the separation of glycosylated proAc45 and
Ac45 by SDS/PAGE resulted in a smear (indicated with {). After deglycosylation
with N-glycosidase F (N-glyc F; right two lanes), distinct protein bands were
detected. The indicated positions of proAc45 and Ac45 correspond to the
predicted Mw of the unglycosylated peptide backbone (46 and 24 kDa,
respectively). Molecular masses are indicated (kDa).
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silencing experiments were performed. Short hairpin RNA
(ShRNA) constructs for furin and Ac45 were designed and
tested by cotransfection with the corresponding cDNA. Efficient
silencing of exogenous furin in �TC3 cells has been described
previously (32) and silencing of Ac45 is shown in Fig. 5A.
Regulated secretion was analyzed by using recombinant FLAG-
tagged Agouti-related protein (AGRPf) because it is a soluble

protein, efficiently sorted to the regulated secretory pathway
(32). Endogenous expression of furin and Ac45 in �TC3 cells was
confirmed by reverse transcription PCR (data not shown).
Knockdown of endogenous furin in �TC3 cells resulted in a
significant 2.9-fold decrease in regulated secretion of AGRPf
(Fig. 5C). Similarly, silencing of endogenous Ac45 led to a
significant 3.4-fold reduction in regulated secretion.

Processing of recombinant proinsulin II was examined by
cotransfecting the appropriate silencing construct with FLAG-
tagged proinsulin II. Knockdown of furin nearly blocked proin-
sulin II processing in �TC3 cells (Fig. 5B). The same effect was
observed again when endogenous Ac45 was depleted.

Discussion
The main physiological function of furin is assumed to be
processing of substrates in the constitutive secretory pathway, in
accordance with its accumulation in the TGN and expression in
many cell types without regulated secretion. Our observations
establish an important role for furin in the regulated secretory
pathway. Impaired intragranular acidification significantly re-
duces secretion of insulin and slightly decreases processing of
proinsulin II, proglucagon, and proPC2.

Proinsulin I contains a RQKR sequence at the C-A junction,
whereas proinsulin II has a QQKR motif at this PC2 cleavage
site. In PC2 null mice, PC1/3 is much more likely to compensate
cleavage at the sequence motif containing an R at the P4 site
than a Q in case of proinsulin II, resulting in a more severe
processing problem of proinsulin II (21). Given the normal
processing of PC1/3 in Fig. 2C, the decreased processing of
proinsulin II is most likely caused by the low PC2 activity.

Because furin has been shown to cleave many proproteins ex
vivo, it is possible that the impairments are the consequence of
a compound phenotype. There are many reasons for proposing
the accessory subunit of the V-ATPase Ac45 as the prime
candidate to explain the observed phenotype. First, acidification
is important for both aspects of the phenotype: regulated
secretion and activity of PC2 (14, 17). Second, Ac45 is highly
expressed in islets of Langerhans (Fig. 3A). Third, Ac45 mRNA
is up-regulated tenfold in melanotrope cells of the Xenopus
intermediate pituitary during black background adaptation,
indicating a role in the regulated secretory pathway (33). Fourth,
the yeast ortholog of furin, Kex2p, has been shown to have a role
in the regulation of activity of the V-ATPase (19). Fifth, a KO
mouse model for the a3 isoform of subunit a of the V-ATPase,
which is highly expressed in the same neuroendocrine tissues as
Ac45, also displays impaired exocytosis of insulin (34). Sixth,
Ac45 contains a conserved furin cleavage site, which can be
cleaved by furin ex vivo (Fig. 3B). Last, gene silencing of Ac45
in a � cell line resulted in a phenocopy, with reduced secretion
and impaired proinsulin II processing (Fig. 5). Direct evidence
for impaired processing in vivo could unfortunately not be
obtained. Several attempts have been made to raise a specific
antibody against Ac45. None of them were able to detect
endogenous Ac45 in islets of Langerhans, possibly because of the
highly hydrophobic nature of Ac45.

Determination of the exact cleavage site has ruled out the
previously reported cleavage site, which was based on N-terminal
sequencing of mature bovine Ac45 (27). Our results indicate
proAc45 is cleaved by furin after Arg-225, possibly subsequently
trimmed by aminopeptidase activity.

The effect of cleavage on its function cannot be unequivocally
established, because the exact role of Ac45 in the V-ATPase is
not yet known. However, gene silencing experiments (Fig. 5)
suggest that the absence of Ac45 has the same effect as unproc-
essed Ac45. Therefore, processing of Ac45 appears to be a
requirement for functionality. Given the relatively mild pheno-
type compared with the embryonic lethality of mice lacking the
V-ATPase subunit c (PL16) (35), it is possible that processing is

Fig. 4. Determination of the pro-Ac45 cleavage site. (A) Schematic repre-
sentation of the different constructs. A FLAG epitope tag was inserted C-
terminally of Arg-219 (RfRR), Arg-222 (RRfR), Arg-225 (RRRf), or Val-243 (VfA).
RRRf was used as template to generate Ala-219-P-S-Ala-222-V-A-Ala-225-
FLAG (AAAf). (B) RPE.40 cells were transfected with the different constructs in
the presence or absence of a furin expression construct. (Upper) After radio-
labeling, the lysates were divided in two, of which one half was immunopre-
cipitated with M2 antibody as a control for efficient expression of the con-
struct. (Lower) Immunoprecipitation with M1 of cleaved Ac45 is shown.
Results shown for the processing of AAAf are from an independent experi-
ment. Molecular masses are indicated (kDa).

Fig. 5. Phenocopy obtained by gene silencing of fur or Ac45 in �TC3 cells. (A)
Efficacy of the shRNA against Ac45 was tested on the exogenous level of
FLAG-tagged Ac45 (Ac45f) in �TC3 cells via Western blot analysis and detec-
tion with M2 anti-FLAG antibody. Molecular masses are indicated (kDa). (B)
�TC3 cells were cotransfected with proinsulin II containing a C-terminal FLAG
epitope and the empty mU6pro-vector (/), or the appropriate shRNA con-
structs. Cells were radiolabeled, and lysates were immunoprecipitated with
M2 anti-FLAG antibody. Molecular masses are indicated (kDa). (C) �TC3 cells
were cotransfected with a regulated secretion marker-protein AGRP-FLAG
and the empty mU6pro-vector (/), or the appropriate shRNA constructs. Reg-
ulated secretion was defined as the amount of AGRPf secreted after stimula-
tion with forskolin/IBMX minus tonic release and normalized for the total
amount of AGRPf in lysates. Regulated secretion in the absence of any
silencing constructs was arbitrarily set at 1. Data represent mean � SEM, n �
4 for gene silencing of fur, n � 7 for gene silencing of Ac45. *, P � 0.05.
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not entirely blocked. Candidate PCs potentially providing re-
dundancy are PACE4 and PC7, as both are expressed in the
endocrine pancreas (36, 37). Another possibility is that Ac45
only modulates the function of V-ATPase activity. It has been
demonstrated that the cytoplasmic tail of Ac45 might have a role
in subcellular targeting of the V-ATPase (38). Alternatively, the
membrane-integral section V0 of V-ATPase has been shown to
have a role in the terminal step of SNARE-mediated intracel-
lular membrane fusion (39). Therefore, the transmembrane
protein Ac45 may contribute to this membrane fusion event.

Impaired processing of several other proproteins might con-
tribute to the phenotype as well. For example, pro7B2 has been
suggested as a furin substrate and 7B2 is essential for PC2 activity
(13, 15). The detection of decreased, but still clearly present,
amounts of mature 7B2 establishes an at least partly redundant
role for furin. Processing of proCPE was also investigated
because of its role in proprotein maturation and regulated
secretion (23, 40). However, furin inactivation disables only a
small fraction of proCPE cleavage.

The presence of mislocalized � and � cells within � cells
suggests that furin has a role in the differentiation and/or
maturation of � cells as well. Abnormal �/� cell topology has
been described in GLP-1 receptor-deficient mice, for example
(41). Until the furin target responsible is identified, we can only
speculate about the responsible mechanism in our model.

The observed phenotype (impaired insulin secretion and pro-
cessing) shows a similarity with early stages of type 2 diabetes. In
certain idiopatic type 2 diabetic mouse models, misregulation of
acidification has been shown to occur in the islets of Langerhans
(42). To our knowledge, this is the first time a putative cause of
acidification impairment resulting in a type 2 diabetes-like pheno-
type in mouse has been described. Therefore, Ac45 might be
considered as a candidate gene for type 2 diabetes, although it is not
located on any of the major susceptibility loci [Online Mendelian
Inheritance of Man (OMIM) accession no. 125853].

Together, genetic ablation of furin in the endocrine pancreas
results in disturbed intragranular acidification, with reduced
secretion of insulin and slightly affected maturation of typical
PC2 substrates as a consequence. We propose that impaired
processing of Ac45, an accessory subunit of the V-ATPase, is the
main cause of the observed acidification problem. The molecular
mechanism showing how Ac45 affects V-ATPase function in
secretory granules remains to be studied.

Materials and Methods
Furflox/flox Pdx1-Cre Mice. The previously described B6J/129 furflox/flox mice (6)
were crossed with B6J/CBAJ Pdx1-Cre transgenic mice (20). Genotyping was
performed with reported primers (6, 20). Confirming deletion of the floxed fur
exon 2 is described in SI Materials and Methods.

All procedures were conducted according to protocols and guidelines
approved by the Katholieke Universiteit Leuven animal welfare committee.

Glucose Tolerance Test. See SI Materials and Methods for information.

Isolation of Mouse Pancreatic Islets. Islets of Langerhans were isolated as
described (43, 44).

Measurement of Insulin Content and Release. Insulin release was measured by
using perifusion experiments in a multiple microchamber module as described
previously (44).

Immunofluorescence. Islets were mechanically dissociated as described (17)
to obtain separate � cells after incubation of the islets for 10 min at 37°C
in a Ca2�-free solution (138 mM NaCl/5.6 mM KCl/1.2 mM MgCl2/5 mM
HEPES/1 mM EGTA/1 mg/ml BSA/3 mM glucose). Cells were adhered on
polylysine-coated glass slides for 1 h, followed by a 1-h preincubation in
Hanks’ balanced salt solution (1.67 mM glucose) with or without 100 nM
baf (Sigma). 30 �M DAMP (Molecular Probes) was subsequently added to
the medium for 1 h. Method of indirect immunofluorescence is given in SI
Materials and Methods. Anti-DNP (Molecular Probes; 1:10,000) was used to

detect DAMP, anti-insulin (as described below; 1:2,500) to select for � cells.
Secondary antibodies were Alexa Fluor 594 and 488 (Molecular Probes).
Analysis of the slides and quantification of light intensity are described in
SI Materials and Methods.

Immunoelectron Microscopy. Detailed description of the applied method is
available in SI Materials and Methods. Briefly, isolated islets were fixed with 4%
formaldehyde/0.1% glutaraldehyde in 0.1 M sodium cacodylate buffer. Ultrathin
cryosections were generated (45) and mounted on formvar-carbon coated EM
grids. Anti-DNP antibody (1:100) was detected with protein A conjugated to 15
nm colloidal gold. The sections were contrasted by embedding in 1.8% methyl
cellulose, containing 0.3% uranyl acetate and observed in a Philips CM100 trans-
mission electron microscope at an operating voltage of 80 kV.

We collected and recorded 50 micrographs of each condition by using a
MegaView III CCD camera and iTEM software (Olympus). We circumscribed
685 WT granules and 532 KO granules by using the software to record the
number of gold particles labeling each granule.

Quantitative RT-PCR. Details on RNA extraction and Quantitative PCRs are
provided in SI Materials and Methods.

Constructs. A cDNA construct containing full-length mouse Ac45 was kindly
provided by G. J. Martens, Nijmegen (46) and subcloned in pcDNA3 (Invitro-
gen). A FLAG epitope tag (DYKDDDDK) was inserted C-terminally of Arg-219
(RfRR), Arg-222 (RRfR), Arg-225 (RRRf), Val-243 (VfA), or Val-463 (Ac45f) by
using a Quick-Change site-directed mutagenesis kit (Stratagene) by following
manufacturer’s protocols. RRRf was used as a template to generate Ala-219-
P-S-Ala-222-V-A-Ala-225-FLAG (AAAf). Insulin II was PCR amplified from �TC3
cDNA, and a FLAG tag was inserted C-terminally (Asn-110). All constructs were
analyzed by nucleotide sequencing.

The expression constructs of furin (8) and AGRP-FLAG (32) were used as
described.

RNA Interference. Description of the shRNA constructs used is given in SI
Materials and Methods.

Cell Lines and Transfections. See SI Materials and Methods for information on
cell lines and transfections.

Radiolabeling and Immunoprecipitation. Isolated islets were radiolabeled and
immunoprecipitated as described (47) by using insulin monoclonal antibody
3B7 (provided by J. C. Hutton, Denver) (48), PC1/3 antiserum, and PC2 anti-
serum (both Alexis Biochemicals).

Transfected cell lines were preincubated in methionine/cysteine-free RPMI
medium 1640 (Sigma) for 1 h at 37°C and then labeled in the same medium
containing 100 �Ci [35S]methionine/cysteine (1 Ci � 37 GBq; Easytag express
protein labeling mixture, PerkinElmer; specific activity, 1,175 Ci/mmol) for
another hour. Cells were then chased in medium containing excess (0.4 mM)
unlabeled methionine and cysteine for 2 h at 37°C (1 h 30 min for proinsulin
II immunoprecipitation). Cell lysates were precleared by using mouse serum
(GE Healthcare). Immunoprecipitation was performed (2 h, 4°C) by using
anti-FLAG antibodies M1 or M2 (Sigma) bound to protein G Sepharose. After
washing, immune complexes were directly eluted from the Sepharose by using
sample buffer in case of proinsulin processing analysis. In case of Ac45 pro-
cessing experiments, proteins bound to Sepharose were deglycosylated over-
night at 37°C. Proteins were then eluted by adding NuPage LDS sample buffer
and reducing agent (both Invitrogen) and analyzed by SDS/PAGE (Criterion,
Bio-Rad; NuPage, Invitrogen). Autoradiographic signals were obtained after
fixing (30% methanol/10% acetic acid) and incubating in NAMP100V (GE
Healthcare). Detailed information is described in SI Materials and Methods.

Regulated Secretion Assay. Regulated secretion experiments were performed
essentially as described (8), except that cells were incubated overnight in
nonsupplemented serum-free DMEM. Sample preparation and separation by
SDS/PAGE have been described previously (32). For Western blotting (49),
anti-FLAG antibody M2 (Sigma) was used. The chemiluminescent signal was
quantified by using Kodak Digital Science (Kodak Imager with 1D Image
Analysis software, version 3.0). Detailed calculations of regulated secretion
are specified in SI Materials and Methods.

Statistical Analysis. Results are expressed as means � SEM. Except for the
regulated secretion assay, statistical analysis was performed by the unpaired
Student’s t test, where P � 0.05 was considered significant. For each of the two
groups of regulated secretion data separately, a one-sample t test (H0: � � 1 and
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two-sided P value) has been used to verify the difference (P � 0.05) with the
control.
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